Abstract. Epizootics of Venezuelan equine encephalitis (VEE) involving subtype IAB viruses occurred sporadically in South, Central and North America from 1938 to 1973. Incompletely inactivated vaccines have long been suspected as a source of the later epizootics. We tested this hypothesis by sequencing the PE2 glycoprotein precursor (1,677 nucleotides) or 26S/nonstructural protein 4 (nsP4) genome regions (4,490 nucleotides) for isolates representing most major outbreaks. Two distinct IAB genotypes were identified: 1) 1940s Peruvian strains and 2) 1938-1973 isolates from South, Central, and North America. Nucleotide sequences of these two genotypes differed by 1.1%, while the latter group showed only 0.6% sequence diversity. Early VEE virus IAB strains that were used for inactivated vaccine preparation had sequences identical to those predicted by phylogenetic analyses to be ancestors of the 1960s-1970s outbreaks. These data support the hypothesis of a vaccine origin for many VEE outbreaks. However, continuous, cryptic circulation of IAB viruses cannot be ruled out as a source of epizootic emergence.
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Venezuelan equine encephalitis (VEE) has been an important human and equine disease of the Americas since the etiologic agent, VEE virus, was first isolated and characterized 60 years ago. 1, 2 Epidemics and epizootics of VEE were first recognized in Venezuela in 1936. However, retrospective examination of epidemiologic data suggests that outbreaks in Colombia and Peru date to the 1920s 3, 4 and early 1930s, 5 respectively. Epizootics and epidemics continued sporadically through the 1960s in northern South America, typically affecting tens-to hundreds-of-thousands of people, with hundreds of fatalities during some epidemics. The most widespread VEE outbreak began near the Guatemala-El Salvador border on the Pacific coast and spread through much of Central America, Mexico and Texas from 1969 to 1972. Between 1973 and 1992, no epizootic activity was documented anywhere in the world, prompting speculation that epizootic VEE viruses had become extinct. 4 However, recent outbreaks in Venezuela and Colombia have underscored the continued threat of VEE. 6, 7 Soon after the first isolation of VEE virus, inactivated vaccines were prepared for administration to equines in South America. These vaccines were made from local epizootic viruses isolated in Venezuela, Peru, Trinidad, and probably other locations. However, the isolation of live virus from some human vaccinees, 8 and the fear that incomplete inactivation might initiate outbreaks, led to the preparation of the live, attenuated TC-83 vaccine. 9 Following the 1969-1972 outbreak, this vaccine largely replaced inactivated forms for equine vaccination. Laboratory workers and others at risk for occupational infection, which has occurred repeatedly following exposure to aerosols, are the primary human recipients of TC-83. 10 Recent genetic studies of VEE viruses have provided insights into the origins of epidemic/epizootic subtype IAB and IC viruses, which are not known to persist in nature between outbreaks. Genetic similarities 11, 12 and close evolutionary relationships 13 of epidemic/epizootic, subtype IAB and IC strains to enzootic, subtype ID isolates first suggested that epidemics occur when equine-avirulent ID viruses mutate to become virulent and capable of producing high-titered viremia in horses, donkeys, and mules. This hypothesis received further support from phylogenetic studies of more recent outbreaks 6, 7 as well as analyses of large numbers of enzootic, ID strains from northern South America and Panama.
14 A very close evolutionary relationship between enzootic, subtype ID strains from western Venezuela and sympatric epizootic/epidemic IC isolates from a 1992-1993 outbreak indicates a recent emergence event involving a ID-to-IC change. However, other IC and all IAB viruses examined are more distantly related to ID viruses and appear to have evolved at least several decades ago. 14 The origin of outbreaks involving IAB viruses is especially perplexing because isolates from epizootics spanning a 35-year time period are very highly conserved antigenically 15 and genetically 13, 16, 17 and comprise a monophyletic group predicted to have arisen from a common ancestor. 6, 7, 13, 14 A possible explanation is that these viruses circulate in cryptic, continuous transmission cycles that have never been identified. 3, 4 Another is that many of the IAB virus outbreaks resulted from the use of incompletely inactivated vaccines derived from virulent IAB virus isolates. 3, 4, 17 To further evaluate these hypotheses, we obtained nucleotide sequences from IAB virus strains representing most major IAB outbreaks from 1938 to 1973. Their very high degree of sequence conservation is consistent with vaccine initiation of many of the later outbreaks. If cryptic, continuous transmission occurs, it must be accompanied by nearly complete genetic stasis.
MATERIALS AND METHODS
Subtype IAB VEE viruses (Table 1) , including isolates from all outbreaks for which samples are currently available, were obtained from reference center collections at the University of Texas Medical Branch and the Division of Vectorborne Infectious Diseases, Centers for Disease Control. Virus stocks were prepared in baby hamster kidney-21 cell monolayers at 37ЊC with a multiplicity of infection of 0.1-1.0 plaque-forming units per cell. After cytopathic effects were evident, the supernatant was clarified by centrifugation at 4,000 ϫ g for 10 min. Virus was precipitated at 4ЊC for at least 8 hr with 7% polyethylene glycol and 2.3% NaCl. Following pelleting of the precipitate by centrifugation at * C6/36 ϭ mosquito cell; cec ϭ chicken embryo cell; gp ϭ guinea pig; h ϭ horse; sm ϭ suckling mouse; v ϭ Vero cell. † More than 200 recorded passages of unknown hosts or cells types. 6 ,000 ϫ g for 30 min, RNA was extracted using Trizol (BRL Laboratories, Bethesda, MD), as described previously. 18 Reverse transcription-polymerase chain reactions (PCRs) were used to amplify overlapping segments of the 3Ј-terminal 525 nucleotides of the nonstructural protein 4 (nsP4) gene and the 26S structural genome region. Amplicons were generated from viral RNA between genome nucleotide position 6963 and the 3Ј terminus of the genome using forward/reverse primers NS4A. 
The PCRs were done following a previously described procedure 18 with 30 amplification cycles as follows: heat-denaturation at 95ЊC for 30 sec, primer annealing at 49ЊC for 30 sec, and extension at 72ЊC for 1 min.
The PCR products were sequenced directly using the Applied Biosystems (Foster City, CA) Prism automated DNA sequencing kit and sequencer according to the manufacturer's protocol. The sequences of the primers are available upon request. Nucleotide sequences were aligned with each other and with others determined previously 7, 11, 14, 17, [19] [20] [21] using the PILEUP program. 22 Phylogenetic analyses were conducted using the PAUP 23 and DNAPARS parsimony algorithms, NEIGHBOR neighbor-joining and FITCH distance matrix programs implemented in the PHYLIP package, 24 as well as the fastDNAml maximum likelihood program. 25 Maximum parsimony and neighbor joining bootstrap resampling 26 with 500 replicates was used to place confidence values on groupings within trees.
The nucleotide sequences were submitted to the GenBank library under accession numbers AF093100-AF093105. Accession numbers AF004466, AF004470, and AF004471 were updated.
RESULTS
The complete sequences of the PE2 gene (1,677 nucleotides) of the IAB virus isolates were aligned with those previously published for VEE virus subtypes IAB, IC, ID, IE, and II 14 and phylogenetic trees were constructed. All methods yielded trees with very similar branching patterns. Maximum parsimony analysis yielded 48 equally parsimonious trees differing only within some very closely related IAB virus groups. A consensus tree showing only the relationships delineated in all parsimony, neighbor joining, and maximum likelihood trees is shown in Figure 1 . All trees indicated that the IAB viruses are monophyletic, and included two distinct clades; one comprised two strains isolated in Peru during the 1940s, while the other included all remaining strains isolated from 1938 to 1973, including a 1973 Peru isolate. This indicates that a common IAB virus ancestor occurred prior to 1938, and diverged into Peruvian and northern South American lineages. The Peruvian lineage probably became extinct some time between 1946 and 1973. The relatively long branch length separating the 1942-1946 Peruvian group from the other suggests that the IAB ancestor probably occurred earlier than 1938 ( Figure 1A) . Estimation of this time using a rate of 6 ϫ 10 Ϫ4 substitutions/nucleotide/ year obtained earlier for VEE viruses 14 yielded a date of 1928 for this ancestor. This is consistent with epidemiologic records of equine encephalitis outbreaks during the 1920s in northern South America. 4 Within the larger clade including isolates from Colombia, Venezuela, Guatemala and Texas, as well as the 1973 Peru strain, the only consistent groupings were of the 1938 BeckWyckoff and 1973 Peru isolates, and the 1968 and 1969 Venezuelan strains ( Figure 1A) . The latter pair suggests that the 1969 outbreak was a continuation of the 1968 Venezuelan epizootic. As in previous analyses using smaller numbers of isolates and shorter sequences, 6, 7, 13, 14 even the Trinidad donkey and TC83 vaccine strains, which are known to represent parent and serially passaged descendant viruses, failed to group exclusively. The 1969 Guatemala strain, isolated near the start of the Middle American outbreak, also failed FIGURE 1. Phylogenetic trees constructed from A, glycoprotein precursor PE2 sequences or B, nonstructural protein 4 and 26S sequences of Venezuelan equine encephalitis virus using the PAUP maximum parsimony program. 23 Numbers indicate bootstrap values for groups to the right. Viruses are designated by subtype, abbreviated country (FL ϭ Florida or TX ϭ Texas), year, and strain name.
to group exclusively with the 1971 Texas strain believed to be a descendant of the 1969 Guatemalan outbreak. This failure to resolve internal, positive control groupings despite the use of sequences of 1,677 nucleotides indicates the limited resolution of the analysis due to the extreme genetic conservation of the IAB viruses in this group.
As in previous analyses, the closest relatives of the IAB viruses were subtype ID and IC strains from Colombia, Venezuela, and Peru ( Figure 1A ). This is consistent with interpretation of previous analyses, 6, 7, 13, 14 that the IAB and IC viruses evolved from an enzootic, subtype ID-like ancestor. However, as observed in previous studies, 7, 14 no close enzootic relative of the IAB viruses was identified.
To improve the resolution of the IAB clade and to test the hypothesis of a vaccine origin for some outbreaks, we selected representatives from major epizootics and sequenced the 3Ј-terminal 4,490 nucleotides of the genome, including the 3Ј-terminal 525 nucleotides of the nsP4 gene, the 26S junction region, and the entire 26S mRNA region. The nucleotide differences and their genome positions (using the Trinidad donkey strain as the reference) are shown in Figure  2 . Again, the IAB virus sequences were highly conserved differing by only 9-48 nucleotides, or up to Figure 3) , where substitutions and deletions were present (Figure 3) .
The carboxyl-terminal 175 amino acids of the nsP4 genes of the nine wild-type VEE-IAB viral strains were highly conserved. Only two amino acid differences were detected: Ica nsP4-563 had a Ser-to-Pro substitution, and E1/68 nsP4-593 had a Lys-to-Asn substitution compared with the other IAB virus strains. High levels of conservation, ranging from 99.1% to 100% identity, were also observed in the deduced amino acid sequences of the 26S translated polyproteins (Figure 4) . The polyprotein of the 1967 CoAn5384 strain was identical to that of the 1943 Trinidad donkey virus. Except for Ica virus, the polyproteins of the other wild-type IAB isolates had only 1-4 amino acid differences relative to the Trinidad donkey strain. The TC-83 vaccine strain, which was derived by tissue culture passage of the Trinidad donkey strain, has more amino acid differences (six) relative to its parent than any of the wild-type isolates, except for the Ica strain, whose polyprotein exhibited 10-14 amino acid differences relative to the other IAB virus strains.
Not surprisingly, amino acid substitutions among these strains were most concentrated in the E2 envelope glycoprotein, which contains the antigenic domains of neutralization and hemagglutination-inhibition. [27] [28] [29] Seven of the 13 differences in the E2 glycoprotein sequences of the wild-type IAB strains were located between E2 amino acid residues 182 and 221 (Figure 4 ). This E2 region has been shown to be a major neutralization domain for VEE and Sindbis viruses. [30] [31] [32] The 1942 and 1946 Peruvian isolates shared four amino acid differences with respect to the remaining IAB strains in the E2 region known to include hemagglutination activity: 33 Val versus Ala at E2-147, Thr versus Ile at E2-187, Val versus Ala (or aspartic acid for TC-83) at E2-192, and Ile versus Met at E2-408. Although all of the viruses we sequenced have been antigenically classified as subtype IAB, amino acid differences in the neutralization domain, particularly nonconserved substitutions, might result in some variability in cross-reactivities in neutralization tests. Consistent amino acid substitutions among the polyproteins of the IAB viruses were not observed, although a His versus Tyr (Trinidad donkey versus other strains) difference was observed at E2-85 in TC-83 and Ica viruses, and a Ser versus Arg difference occurred at E2-182 in the Beck-Wyckoff and 52/73 strains. Phylogenetic relationships indicated that the former event probably occurred independently, while the latter may have represented common ancestry.
When the complete nsP4-26S sequences were compared phylogenetically, parsimony analysis yielded three equally parsimonious trees, differing only in the relationships of the groupings of the Colombia 1967, Peru 1973, and Venezuela 1973 IAB viruses. A representative tree is shown in Figure  1B . In contrast to the PE2 analyses, the Trinidad donkey-TC83 (bootstrap value ϭ 87%) and GU69-TX71 (bootstrap value ϭ 82%) groupings occurred in all of these trees, indicating greater resolution. Again, the 1946 Peru isolate was distinct from the remaining IAB viruses. All three parsimony trees as well as the maximum likelihood analyses placed the TRD and Beck-Wyckoff strains at the base of the IAB clade (excluding the 1946 Peru isolate). The neighbor joining tree placed the Guatemala 1969-Texas 1971 group at the base of this IAB group, but the basal location was based on a branch length of only 0.00016. The parsimony and maximum likelihood analyses suggested that the Beck-Wyckoff and Trinidad donkey strains, used for inactivated vaccine preparations, are closely related and/or identical to the progenitors of later epizootics. Unlike the PE2 sequences, the complete 26S sequences did not support the VE38-PE73 pairing in parsimony analysis; nucleotide 9109 was consistent with this grouping, while nucleotide 10453 was not ( Figure 1B) .
DISCUSSION
Because the IAB and IC epizootic/epidemic strains of VEE virus had only been isolated during outbreaks, and not during interepizootic periods that lasted up to 10 years or more, their source remained an enigma for many decades. Several hypotheses for VEE emergence were proposed including 1) maintenance of IAB and/or IC viruses in continuous, cryptic transmission cycles, 2) maintenance of IAB and/or IC viruses in latent equine or other animal infections, 3) re-emergence of epizootic viruses following administration of incompletely inactivated vaccine preparations, 4) maintenance of IAB and/or IC viruses as minority subpopulations within enzootic virus populations, and 5) periodic emergence of epizootic viruses via mutations of enzootic strains. 3, 4 Evidence regarding these hypotheses is reviewed elsewhere. 3, 34 The high degree of genetic conservation exhibited by the IAB VEE viruses does not support hypothesis 1. If these viruses circulate continuously somewhere in South America, their rate of sequence change must be extremely low. For example, the 1938 Beck-Wyckoff and 1967 CoAn5384 isolates differed by only three nucleotides among the 4,490 nucleotides we sequenced. This difference, 0.07%, would yield a maximum rate of evolution of 0.003%/year if the Beck-Wyckoff strain was a natural ancestor of CoAn5384. The rate would probably be even lower if BeckWyckoff strain was not the direct ancestor. All estimates of evolutionary rates for alphaviruses circulating continuously in enzootic transmission foci are at least four times greater, and rates in the tropics are believed to be at least 10 times greater. 14, 18, 35, 37 These estimates argue against a continuous, enzootic-like cycle for IAB viruses. However, the recent finding of a 1983 mosquito isolate of a subtype IC VEE virus in Venezuela during an interepidemic period, which is genetically indistinguishable from epidemic isolates made in 1962 and 1995, 7 has raised the possibility of maintenance of epizootic viruses in a genetically static manner between outbreaks.
The extreme genetic conservation and ancestral relationships we determined among the IAB viruses supports the hypothesis of a vaccine source for some of the later VEE epizootics. All of the IAB viruses isolated after 1943, with the exception of the 1946 Peruvian strain, are extremely closely related to, or appear to be descendants of viruses with sequences like the Beck-Wyckoff and Trinidad donkey strains used for vaccine production. It appears that the Ica and Piura isolates, which were used for vaccine production in Peru after their isolation during the 1940s, 38 did not initiate any of the later outbreaks there. To our knowledge, inactivated VEE vaccines have not been administered to equines since the early 1970s. The lack of IAB outbreaks since 1973, coincident with the replacement of inactivated vaccines by the live-attenuated TC-83 strain, also supports the vaccine origin hypothesis for all IAB outbreaks during the 1960s and 1970s.
Serologic studies of VEE complex viruses conducted by Young and Johnson 15 using kinetic hemagglutination inhibition (HI) tests with spiny rat antisera originally distinguished subtypes IA and IB. Subtype IA included the BeckWyckoff and Trinidad donkey strains, while subtype IB included the Ica strain from Peru. Viruses isolated during the 1969-1972 Middle and North American outbreak were classified as subtype IB using HI tests. 39 Later immunologic and genetic work failed to distinguish the IA and IB virus subtypes, and they were merged into subtype IAB. 3, 4, 16, 40 Our results support a genetic basis for the original IA and IB groups, with IB comprising the Ica and Piura strains from Peru. One or more of the four E2 HI-domain amino acid differences we identified between these Peruvian strains and all other IAB isolates may be responsible for the differences in results of HI tests conducted by Young and Johnson. 15 However, the 1969-1972 Middle and North American viruses, originally classified as subtype IB with the Peruvian strains, did not group with them in our trees (Figure 1 ), and were phylogenetically indistinguishable from the IA viruses. These results support the current subtype IAB taxon, 41 or the resurrection of subtype IB for the Ica and Piura strains only.
